Zonal harmonic analyses were applied to 5-day mean heights, 25-day mean heights, departures from 25-day mean heights, depatures from the normal and tendency fields on the 500-mb level. It was found that the first and second harmonics for transient waves at 70* and 60*N generally move westward. The mean westward phase velocities are about a quarter of the wave-length per five days, i. e., about 20* and 10* longitude per day for the first and second harmonics respectively. The westward movement was not pronounced at lower latitudes mainly due to the small amplitude of transient waves.
Introduction
Zonal harmonic analyses have been employed by many researchers in the study of long and ultra-long waves. Kubota and Iida (1954) , Eliasen (1958) and Arai (1965) discussed the behavior of planetary waves mainly on daily 500-mb charts. Anderssen (1965) carried out an analysis of long waves in the southern hemisphere comparing with results obtained in the northern hemisphere. Using 5-day mean 500-mb maps, Haney (1961) stated that the first harmonic at 70*N moved generally westward for the 6-month period.
Recenty travelling planetary-scale waves were investigated using spherical harmonics by Deland (1964 Deland ( , 1965 , Deland and Johnson (1968) and Eliasen and Machenhauer (1965) . They showed that the largest components move generally westward at speeds variously estimated at 40* to 70* longitude per day for a relatively short time period. It is desirable to study the behavior of ultra-long waves for a certain long time period, since the behavior of ultra-long waves differs markedly from year to year as shown by Arai (1970) . The 500-mb heights employed in this study may be sufficient in this respect.
Generally speaking, the ultra long waves oscillate around their mean location, if we disregard the seasonal variation that was discussed by Arai (1970) . The separation of waves into standing and transient ones is not only convenient but also essential because we can thus study the movement of ultra-long waves precisely. Deland and Eliasen have also suggested that the fluctuations in position and amplitude of planetary-scale waves are due to the simultaneous presence of a stationary and a travelling component.
The standing waves in the present study mean the waves on 25-day mean 500-mb fields. The waves on 5-day mean 500-mb fields, departures from the 25-day mean, on the other hand, are named "transient waves.
Thus the waves on 5-day mean fields are composed of standing and transient waves.
The basic data employed are 5-day mean 500-mb heights for more than 20 years since April 1947. Therefore, variations with time-scales less than 5 days and longer than about one month or more are eliminated in the variations of transient waves. The purpose of this study is to investigate the existence and charracteristics of travelling ultra-long waves in the middle troposphere.
Data and method employed
The 5-day mean 500-mb heights are arranged as follows :
(a) 5-day mean heights, (b) 25-day mean heights, (c) departures from 25-day mean heights: (a)-(b), (d) anomalies of 5-day mean heights, (e) time-change, 5 days tendency, of 5-day mean heights. The waves on the fields of (a), (b), (c), (d) and (e) are styled 5-day mean, standing, transient, anomaly and time-change waves respectively for convenience' sake in the present study, since there are no generally accepted names of the waves on these fields.
One year is divided into 73 pentads, assigning for instance, the 1st pentad to the 5-day period from 1 to 5 January and the last (73rd) to that from 27 to 31 December. The five-pentad moving average of 20-year means, i. e., the mean of 100 values, is defined as the "normal" of 5-day mean 500-mb heights on each pentad. The same normal is also applied to the normal of the 25-day mean heights. Therefore, the normals of 5-day and 25-day mean heights are the same for each pentad.
By the definition we get (c)=(a)-(b), (d)=(a)-the normal of (a), and (c)=(d)-anomaly of (b). The second term on the right hand side varies generally more gradually than the first term (d). Therefore, even when the displacement of transient waves for (c) is observed, the anomaly waves do not necessarily move. To see this relationship, amplitudes and phase angles of aomaly waves are calculated. It may be also valuable to study the diaplacement of anomaly waves because positive anomaly centers have been traced in many synoptic analyses. It is convenient to see the movement of transient waves on 5-day mean 500-mb maps, since we are more familiar (a) and (d) than (c).
There are a few ways to separate standing and transient waves from 5-day mean waves. One of these ways is to use the time-change of 5-day mean 500-mb height (e). The same procedure, 24 hours tendency, has been employed by Eliasen and Machenhauer (1965) and Hirota (1968) , in order to bring out the travelling planetary waves more clearly.
Zonal harmonic analyses are applied to the waves on the fiedls for (a), (b), (c), (d) and ( This shows that 5-day mean waves at 50*N are stationary on the average.
The frequency of westward displacement is larger and the maximum frequency is smaller at 60*N than at 50*N. These characteristics are more pronounced at 70*N, suggesting the existence of westward travelling waves at high latitudes. The maximum frequency at 70*N is the smallest of all, showing a large variability of 5-day mean weves.
The frequency distributions of phase velocities for anomaly waves in Fig. 1 b show that the westward displacements are more clear for each latitude than those of 5-day mean waves. However, the maximum frequencies are considerably small compared with those of 5-day mean waves at 60* and 50*N. The frequency distributions for transient waves in Fig. lc show that the westward movement is the most pronounced of all for the first harmonic. The mean westward phase velocity at 70* and 60*N is about 90* per 5 days. This westward speed is equal to a quarter of the wave-length per 5 days, or about 20* longitude per day. The distributions at 50*, 40* and 30*N are not so sharp. We can see that the westward movement of transient waves is more pronounced at higher than at lower latitudes. Fig. 2 is the frequency distributions of phase The second harmonic has generally the same characteristics as the first. This is seen in Figs. 3a, 3b and 3c. Figs. 3a, 3b and 3c are the frequency distributions of the second harmonic for 5-day mean, anomaly and transient waves respectively. It is noted again that the maximum frequency caused by standing waves in Fig. 3a disappears in Fig. 3c and that caused by westward travelling waves appears at 60*N in Fig. 3c . The maximum frequency for transient waves at 60*N is about 70 % of that for 5-day mean waves showing the large variability of transient waves. The mean westward phase velocity at 60*N is about 90* per 5 days. This westward speed is equal to a quarter of the wave-length per 5 days or about 10* longitude per day. The distributions at 40* and 30*N is considerably flat, and the westward travelling waves are observed mostly at 60*N. The result mentioned above means that the mean westward speeds of transient waves for the first and second harmonics depend on the wave-length.
The phase angles and phase velocities are generally unreliable when the amplitudes are very small. The jumps or discontinuous changes of phase angles occur largely in such, cases. Then it is necessary to illustrate the frequency distributions for two classes : case with large: amplitudes and those small amplitudes.
The critical values of amplitude, about 20m, at 70*, 60* and 50*N are chosen to distinguish the two classes based on the result given by Arai (1970) . These values are given in Table 1 for first two harmonics as well as the number of cases for the two classes.
The frequency distributions of phase velocities for each class at 60*N are indicated in Figs. 4a and 4b for the first and second harmonics respectively. Fig. 4a shows that the distribution is mostly uniform when the amplitudes are small, and that, inversely, it has a peak in cases with large amplitudes. This confirms again the significance of the mean westward movement of transient waves. The same behavior can be seen in Fig.  4b for the second harmonic, but it is less pronounced than the first harmonic.
The number of cases with westward phase velocities, expressed in a ratio to the all 1460 cases in 20 years, is presented in percentage for various waves of the first and second harmonics at 70*, 60* and 50*N in Table 2 . Selecting the cases with amplitudes larger than the critical value given in Table 1 , the same ratio is presented also in Table 2 for transient waves only.
Table 2 revea is that the ratio, the frequency of westward movement, is larger than 50 % and largest for transient waves, i. e., 80 % for the first harmonic at 70*N and 71 % for the second harmonic at 60*N. This is significant and shows the mean westward movement of transient waves at high latitudes.
If we select the cases with amplitudes larger than 20m for the first harmonic at 30*N, 101 cases in all, then the frequency of westward movement of transient waves becomes 79%. This shows that the flat frequency distributions of phase velocities at lower latitudes are mainly due to the smallness of amplitude. It is noted further that the time-change waves, the waves on the tendency fields of 5-day mea 500-mb heights, have the same characteristic as the transient waves, though the ratio is not very large.
Phase velocities of the third and fourth harmonics
The frequency distributions of phase velocities of the third harmonic are presented in Figs. 5a , 5 b and 5c for 5-day mean, anomaly and transient waves respectively. It is observed in Figs. 5a and 5 b that the 5-day mean and anomaly waves are generally stationary. In contrast to the first and second harmonics, the distributions for transient waves, Fig. 5c , are nearly uniform. Furthermore, as the amplitudes of the third harmonic at 60*N are not small (see Fig. 7 ), the third harmonic does not show the mean westward or eastward displacements.
Figs. 6a, 6b and 6c are the frequency distributions of phase velocities of the fourth harmonic for various waves. The distributions for 5-day mean waves, Fig. 6a , are generally similar to those for the second and third harmonics.
Comparing the figure with Figs. 1a, 3a and 5a, we can see that the maximum frequencies become small with the increasing wave-number. There exists a tendency to eastward movement at 70* and 60*N as can be seen in Fig. 6b for anomaly waves. This is more pronounced in Fig. 6c , which shows the frequency distributions for transient waves. The mean eastward phase velocities at 70* and 60*N are about 120*/5-day. This speed is equal to the longitudinal speed of 6* longitude/day.
On the other hand, the frequency distributions at 40* and 30*N show that the transient waves have a tendency to move westward on the average. This is associated with the summer circulation, since the distribution in summer at 40*N is nearly the same as that given in Figs. 6c, whereas it is mostly uniform in winter.
It is considered from the foregoring results that the third harmonic may be a critical harmonic, because the statistical aspects of this harmonic are different from those of the first two and fourth harmonics.
Seasonal variation of transient waves
The normal amplitudes of transient waves are given in Fig. 7 for the first four harmonics at 60*N, where the definition of the normal is the same as that of 5-day mean 500-mb heights. 7 shows that the amplitudes of the first three harmonics are large in winter and small in summer. The variation for the fourth harmonic is generally small throughout the year. The amplitudes of the first four harmonics become the same order of magnitude, about 30m, in August.
The frequency distributions of phase velocities in four seasons are given in Fig. 8 for the first harmonic at 70*N (upper figure) and for the second harmonic at 60*N (lower figure). Generally speaking, the mean westward phase veloctites are not different from season to season and no seasonal variation can be detected, because the distributions are not so sharp. However, the mean westward phase velocity of the first harmonic seems to be smaller in summer than in the other seasons. The distribution for the second harmonic in autumn at 60*N is considerably flat showing that no mean westward motion is to be found in this season.
Examples of travelling waves
Four examples of transient waves are presented in this section. Fig. 9 shows the phase angles and amplitudes of the transient waves for the first harmonic at 60*N from November 1952 to April 1953. The phase velocities ranging from -30* to -150 150*/5-day are defined as the westward movement and shown by full lines. The rest is given by broken lines. Continuous westward displacement is clearly seen during the period except for a few pentads. The amplitudes are large on the average and their variation is also very large. The westward movement has a tendency to be obscured when the amplitudes are small. Fig. 10 shows the phase angles and amplitudes of the second harmonic at 60*N from November 1956 to April 1957. The westward movement is pronounced after January 1957. Fig. 11 is the variation of the third harmonic at 60*N from November 1967 to April 1968. The eastward movement is defined by phase velocities ranging from 30* to 150*/5-day and given by broken lines. The phase velocities ranging from 30* to -30*/5-day and from -150* to 1 .50*/5-day are amplitudes of the first and second harmonics are largely small in this case. The 5-day mean field move eastward at a mean rate of 4* longitude/day coinciding with the movement of transient waves for the fourth harmonic except for a few discrepancies. There are many excellent examples as expected from the statistical evidence of traveling waves.
Conclusion
The results obtained above may be summarized as follows:
(1) The transient waves of the first and second harmonics move westward at 70* and 60*N on the average, whereas the westward movement is not pronunced at lower latitudes mainly due to the smallness of amplitude.
(2) The mean westward phase velocity is about a quarter of the wave-length per 5 days. This is equal to the longitudinal speed of -20* and -10* longitude per day for the first and second harmonics respectively.
(3) The third harmonic does not reveal any mean westward or eastward movement at each latitude.
(4) The transient waves of the fourth harmonic move eastward at a mean rate of about 6* longitude/day at 70* and 60*N, but they have a tendency to move westward at lower latitudes in summer.
(6) The mean phase velocities of the transient waves for the first two harmonics at 70* and 60*N are nearly the same for each season, and the normal amplitudes of the first three harmonics are large in winter and small in summer.
The seasonal variation of the amplitudes for the fourth harmonic is not large.
There are many spectral studies of harmonic waves in the troposphere and stratosphere. Saltzman and Teweles (1964) stated that the second harmonics were sources of kinetic energy. Using the correlation of daily spectral statistics for the stratosphere and troposphere, Teweles (1963) showed a number of significant interlevel relationships in the growth and decay of the longer cyclone waves. At the same time, the dynamics of planetary waves have been investigated by many authors. On the basis of linearized purturbation equations, Hirota (1968) made a theoretical study and discussed the vertical structure and phase velocity of the waves obtained.
There are also many analyses available about the movement of long and ultralong waves. Based on spherical harmonic analyses, Deland (1965) and Eliasen and Machenhauer (1965) showed that the largest components move generally westward and the westward speeds are nearly the same as those corresponding to the non-divergent vorticity equation or the Rossly-Haurwitz wave speed. The mean westward speeds obtained in the present study are about one third of those given by Deland and Eliasen. This may be due to the fact that the travelling waves whose period is about 5 days as presented by Eliasen are mostly eliminated from the 5-day mean 500-mb charts. The zonal harmonic analyses were utilized by Kubota and Iida (1954) to study the behavior of planetary waves on the 500-mb level. The mean speeds during the 36-day period are -22, -13 and zero longitude per day for the first, second and third harmonics respectively. These values agree well with the mean phase velocities obtained in the present study. Daily 500-mb heights and departures from the mean for the 36-day period, which were employed by Kubota and Iida, have certain similarities to the present author's method.
There is no physical background to the waves defined in this study and the mechanism of transient waves is not yet known. The transient waves are, however, closely connected with blocking waves. This will be discussed in detail in near future.
